Abstract: Magnetic and optical bifunctional nanoparticles that combine easy separation, preconcentration, and efficient SERS capabilities have been fabricated with high sensitivity and reproducibility through a low-cost method. These gold nanoparticles attached on magnetic silica-coated cobalt nanospheres (Co@SiO 2 /AuNPs) display the advantage of strong resonance absorption due to gaps at nanoscale between neighboring metal nanoparticles bringing large field enhancements, known as "hot spots". The prepared particles can be controlled by using an external magnetic field, which makes them very promising candidates in biological applications and Raman spectroscopic analysis of dissolved organic species. The magnetic property of the prepared particles lowers the detection limits through preconcentration with solid-phase extraction in SERS analysis. The performance of the prepared nanostructures was evaluated as a SERS substrate using brilliant cresyl blue (BCB) and rhodamine 6G (R6G) as model compounds. The solid-phase affinity extraction of 4-mercapto benzoic acid (4-MBA) using bifunctional Co@SiO 2 /AuNPs nanoparticles followed by magnetic separation and the measurement of the SERS signal on the same magnetic particles without elution were investigated.
Introduction
Hybrid nanostructures that contain more than one nanoparticle can display multifunctional properties for applications that are difficult to achieve from single-component nanoparticles.
1−3 Among them, plasmonicmagnetic nanoparticles show both optical properties and magnetic responses. 4 Such multifunctional hybrid nanoparticles are expected to be useful in various fields such as in magnetic/optical dual-modal imaging, 5 drug delivery, 6 and catalysis and biomedicine. 7, 8 Another well-known area for the application of plasmonic-magnetic nanoparticles is surface-enhanced Raman scattering (SERS).
9,10
SERS is known as a technique that is very sensitive to the surface where Raman scattering of adsorbed molecules is enhanced due to the large electric fields associated with surface plasmon resonances generated on rough metal surfaces such as silver, gold, and copper. 11 Colloidal nanoparticles and thin films of gold and silver * Correspondence: muratkaya@atilim.edu.tr
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produced with chemical and physical methods are widely used as efficient SERS substrates. 12 Among them, special interest is given to metal nanoparticles due to their large surface area and easy dispersion in liquids. Control over the composition, shape, size, and local environment surrounding the substrate is necessary for monitoring the plasmonic property of these metallic particles.
13−15
An additional property of the surface plasmon resonance that can be regulated is its dependence on interparticle interactions. This process is known as plasmon coupling and requires the assembly or aggregation of metal nanoparticles into a close-packed structure. Gaps in the nano region between neighboring metallic nanoparticles result in unusually huge field enhancements, known as "hot spots", after laser irradiation.
16,17
Besides, nanoparticles can be assembled and bound onto functionalized planar substrates, which can be used as a SERS substrate. 18, 19 Smaller nanoparticles can also be bound and assembled onto relatively larger nanoparticles as substrates and form dense ordered packing.
20,21
Signal improvement in SERS measurements depends not only on the chemical and electromagnetic enhancement factors determined by the plasmonic properties of the SERS substrate but also on the number of molecules adsorbed and thus involved in the process, N SERS . Plasmonic-magnetic particles have been used primarily in SERS-based immunoassay and detection of DNA for the capture of biomolecules, their extraction/concentration from a complex sample matrix, and measurement. 22−24 These properties also make plasmonic-magnetic nanoparticles attractive as a SERS substrate to concentrate chemical species from their dilute solutions and keep them proximate to the surface where the local EM field is effective. SERS is a powerful analytical technique due to its high structural selectivity and the capability of measuring Raman spectra from small sample volumes. 25, 26 Integration of a one-step preconcentration process simply by utilizing plasmonic-magnetic bifunctional nanoparticles both as a solid phase sorbent and SERS substrate would improve the potency of this analytical technique for trace analysis.
Herein, Co@SiO 2 nanoparticles were used as a platform onto which AuNPs were attached for the first time. The prepared bifunctional Co@SiO 2 /AuNPs nanoparticles were applied both as a solid phase for magnetic collection in the preconcentration process and as SERS substrates for the detection of 4-mercaptobenzoic acid (4-MBA) amount. Consequently, the use of bifunctional Co@SiO 2 /AuNPs nanoparticles both for the collection of dissolved chemicals from the solution and for their SERS measurements is expected to bring an advantage from the quantitative analytical point of view.
Results and discussion

Preparation of gold nanoparticle-attached silica-coated cobalt nanoparticles
The morphology and particle sizes of the cobalt nanoparticles (CoNPs), gold nanoparticles (AuNPs), and bare Co@SiO 2 and Co@SiO 2 /AuNPs nanoparticles were examined with FE-SEM and TEM measurements. FE-SEM measurements were performed by using a QUANTA 400F field emission scanning electron microscope equipped with energy-dispersive X-ray (EDX) analyzer and TEM measurements were performed using an FEI 120-kV transmission electron microscope. The FE-SEM results of the CoNPs and TEM result of the AuNPs are given in Figures 1a and 1b , respectively.
The average dimensions of CoNPs and AuNPs were calculated as 46 ± 4 and 15 ± 3 nm, respectively. After that, FE-SEM measurements were performed to find the morphological properties of Co@SiO 2 and Co@SiO 2 /AuNPs nanoparticles and results are given in Figures 2a and 2b . Since the average dimensions of the AuNPs and Co@SiO 2 nanoparticles were around 15 ± 3 nm and 480 ± 32 nm, respectively, the FE-SEM images clearly show that AuNPs appear as spots on the silica surface and were deposited on the Co@SiO 2 surface. The AuNPs' deposition onto the Co@SiO 2 particles was also confirmed by EDX data as seen in Figures 2c and 2d . EDX analyses of randomly chosen nanoparticles clearly show the presence of Au besides the Co and Si used for the preparation of magnetic support.
Optical properties of gold nanoparticle-attached silica-coated cobalt nanoparticles
Attachment of AuNPs onto Co@SiO 2 was monitored by measuring plasmon absorption of AuNPs via following their UV-Vis absorption characteristics. UV-Vis spectra were collected over the range of 400-900 nm by using a double beam instrument (Varian Cary 100). The results are given in Figure 3 .
As can be seen from Figure 3 , the suspension of AuNPs used for attachment onto the surface of the magnetic Co@SiO 2 nanoparticles has peak absorption at 520 nm, whereas no spectral feature of Co@SiO 2 nanoparticles is observed in their UV-Vis spectra. However, when the AuNPs were added onto the Co@SiO 2 nanoparticle, an outer nanoparticulate Au layer was formed and the absorption maximum of the plasmon resonance excitation of the AuNPs appeared at 540 nm. The shift in the plasmon absorption band (520 nm) to longer wavelengths (540 nm) was attributed to the coupling between neighboring AuNPs on the surface. Hence, a gold/cobalt-silica volume ratio of 2 was chosen as the optimum volume ratio and was used in further SERS applications.
Magnetic behavior of gold nanoparticle-attached silica-coated cobalt nanoparticles
Magnetic properties of the Co@SiO 2 /AuNPs nanoparticles were characterized by using a vibrating sample magnetometer (VSM) at 300 K. Magnetic properties of the final structure were investigated with an ADE Model EV9 VSM having a maximum field of 2.2 T. A Nd 2 Fe 14 B magnet was used for magnetic separation applications. The saturation magnetization value was founded as 15 emu/g by considering the total weight of the composites. The coercivity value was measured as 16.154 Oe for Co@SiO 2 /AuNPs nanoparticles. Because of their magnetic characteristics, the prepared nanoparticles can be collected from their dispersions by using an external magnet. This property is clearly seen in photographs given in Figures 5a and 5b. As can be seen from Figure 5a , the color of the nanocomposite dispersion was dark red-violet. After the application of an external magnetic field, nanocomposites dispersed in solution were collected, and a clear dispersion medium was obtained, as shown in Figure 5b . Collected nanoparticles can be redispersed after the removal of the external magnetic field.
The performance of gold nanoparticle-attached silica-coated cobalt nanoparticles as SERS substrate
Co@SiO 2 /AuNPs nanoparticles are thought to be useful as SERS substrates as the AuNPs are closely spaced, the roughness is determined by the size of the particles, and the coverage seems to be uniform. Their performance as SERS substrates was evaluated initially by using BCB and R6G as model compounds. In the SERS spectrum of BCB (Figure 6a ), the intense band around 580 cm −1 is related to the benzene ring deformation mode. In the case of R6G (Figure 6b) , the peak at about 1188 cm −1 is related to the C-C stretching vibrations. The intense peaks at 1303, 1356, and 1575 cm −1 are correlated with the aromatic C-C stretching vibrations.
29
After that, the effect of AuNP amount on the SERS intensity was investigated by using Co@SiO 2 /AuNPs prepared with the different AuNPs-Co@SiO 2 volume ratios given in Figure 4 . For this, SERS measurements of 1 × 10 −7 M BCB were performed by using prepared substrates. Results are given in Figure 7 . The RSD% of the SERS spectra on the same substrate was calculated as 6.9% by taking the average and standard deviation of the peak intensities at around 580 cm −1 for these four SERS spectra.
Finally, the enhancement power of the prepared substrate was also compared with the one prepared with silver nanoparticles (AgNPs), known as the most common SERS substrate material. The FE-SEM images of the structures used as SERS substrates are given in Figures 9a and 9b . Obtained SERS spectra are given in Figure 9c .
As is known, generally AgNPs exhibit higher SERS enhancement (at least twofold) at 632 nm laser irradiation when compared with AuNPs. 30 As can be seen from the Figure 9c , the performance of prepared particles as SERS substrate is comparable with the AgNPs due to hot spots generated. Therefore, considering the higher stability of AuNPs and comparable enhancement factor with AgNPs besides the preconcentration property, Co@SiO 2 /AuNPs can be a good candidate for the SERS measurements of important molecules.
Performance of gold nanoparticle-attached silica-coated cobalt nanoparticles both as magnetic separation units and SERS substrate for preconcentration and detection of 4-MBA
Thiol-containing compounds are known to exhibit high reactivity toward gold nanoparticles, which results in the displacement of the citrate shell by the thiolate shell. 31 The reactivity, due to the affinity of thiol groups It is well known that SERS is a distancedependent phenomenon; hence, the surface coverage of analyte molecules onto the SERS active nanoparticles is predominantly important in the signal enhancement. Therefore, the solid phase affinity extraction of the analyte, through a magnetic separation and the measurement of the SERS signal on the same magnetic particles without elution, brings the advantages of high sensitivity and low detection limit to SERS studies. In such an application, the magnetic and plasmonic properties of the nanoparticles, their stability, and size homogeneity are the important parameters. The prepared Co@SiO 2 /AuNPs magnetic-plasmonic bifunctional nanoparticles satisfy all the conditions, and approximately 50-fold increase in SERS intensity was achieved through solid-phase extraction of 4-MBA using Co@SiO 2 /AuNPs nanoparticles in 10 min. Relative standard deviation for the results of replicate measurements was below 8.0%. Larger sample volumes will lead to obtaining lower detection limits. If it becomes difficult to collect the magnetic nanoparticles with a small magnet from a large sample volume, then the sample volume can be kept at a convenient level, but aliquot size of the Co@SiO 2 /AuNPs nanoparticles can be decreased and collected in a smaller volume.
Conclusions
The magnetic and optical bifunctional nanoparticles produced in this study offer unique advantages over the other available substrates in SERS measurements. They can be utilized both as suspension and as solid support on slides. While the surface plasmons of AuNPs attached to the magnetic nanoparticles give efficient SERS capabilities, the magnetic property provides the quick separation of analytes from the mixture. The AuNP layer attracts the analytes particularly having thiol groups and amplifies their SERS responses. By using Co@SiO 2 /AuNPs nanoparticles for sample preconcentration and SERS measurement, we have accomplished 50-fold signal ampli?cation of 4-MBA with an additional potential to improve the sensitivity and detection limit. Enhancement factor can be increased by using larger sample volumes. In its application to natural samples, any molecules containing a thiol group might be attracted to the gold surface, preconcentrated, and could be determined owing to their characteristic SERS spectra. Therefore, the use of this nanotechnology-based bifunctional substrate can open a road for easy and efficient analysis in various matrices.
Experimental
Preparation of amine-functionalized silica-coated cobalt nanoparticles
In order to prepare cobalt nanoparticles (CoNPs), initially N 2 was passed through 20 mL of distilled water containing 2 mL (1%) of trisodium citrate solution. was added to the CoNPs-alcoholic TEOS mixture and stirred for 12 h. Then the particles were collected by using an external magnet, washed with ethanol and water, and dried. Finally, 30 mg of prepared particles were dispersed in 100 mL of water (0.3 mg/mL) and used as stock suspension for further studies.
Preparation of gold-assembled silica-coated cobalt nanoparticles
AuNPs were prepared according to the citrate reduction method. 27 An aqueous solution containing 144 µL of HAuCl 4 (0.1 M), in a 50-mL beaker, was stirred and heated. When boiling started, 2 mL of 1% (w/v) trisodium citrate solution was added to the solution. Then the solution was stirred vigorously and boiled for 1 h. After that, it was allowed to cool to room temperature by continuous stirring. Then 5 mL of aminemodified Co@SiO 2 magnetic nanoparticle taken from the stock suspension (0.3 mg/mL) was sonicated for 5 min to prevent aggregation before the treatment with AuNPs. This dispersion was mixed with 10 mL of citrate-stabilized AuNPs with a concentration of 4.0 × 10 −14 mol/dm 3 and vigorously stirred. Excess AuNPs were removed by repeated magnetic collection/wash cycles and finally the collected Co@SiO 2 /AuNPs were dried and 2 mg of particles was redispersed in 10 mL of water (0.2 mg/mL).
Magnetic collection and SERS identification studies
Initially the enhancement power of the prepared SERS substrate was investigated. For the SERS measurements 100 µL of Co@SiO 2 /AuNPs nanoparticles dispersion taken from 0.2 mg/mL stock suspension was mixed with the same volume of Raman indicator molecules and vortexed. Then 15 µL of the resulting mixture was dropped onto a glass slide and SERS measurements were carried out in the range of 400-800 cm 
